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Abstract 
We study the dependence of the formation energies of oxygen and metal induced defects in 
Ta2O5, TaO2, TaO, TiO2 and Ti4O7 on the chemical potential of electron and atomic constitutes. In 
the study of single defect, metal induced defects are found to be preferable to oxygen induced 
defects. This is against the experimental fact of the dominant role of oxygen induced defects in the 
RS process. A simple multiple defects picture without correlated atomic rearrangement does not 
cure this problem. The problem is resolved under the correlated multiple defect picture where the 
multiple defects result in correlated atomic rearrangement and the final products show certain 
atomic ordering.  
  
Introduction 
Resistive switching (RS) in transition metal oxides (TMOs) has attracted great interests for a 
possible application in nonvolatile memory devices [1, 2] and analog memristors [3-5]. Defect 
redistribution under the switching field is generally considered to play prominent role in the 
reversible RS [6-8]. In simple binary TMOs such as Ta2O5 and TiO2, the agglomeration 
(segregation) of oxygen vacancies and the subsequent growth (rupture) of the conducting filament 
is one of the most cited RS mechanisms [6-8]. These simple binary TMOs have the advantage of 
easy fabrication. However, the role of oxygen vacancies in the formation of conducting filaments 
at an atomic level is less well known. Besides the locally formed conducting path, the resistance 
can also be switched back and forth by the drift of the charged oxygen vacancies towards or away 
from one of the two electrodes which modifies the width of the interfacial depletion region and 
consequently the Schottky contact resistance [9]. Oxygen vacancy induced charge trap can also 
assist bulk like RS through continuous filling or emptying the traps, whose extent of charge 
occupation varies the resistance [10]. More complicated correlated TMOs like Pr0.7Ca0.3MnO3 [11], 
SmNiO3 [12] show metal-insulator transition which accounts for the RS. In these correlated TMOs, 
the oxygen vacancy coordination environment, which is subject to the driving field either 
electrically or thermally, modulates the local valence state of transition metal by rearranging the 
hybridization of transition metal d and oxygen p orbitals. Above mentioned TMOs show RS 
through effective change of the local oxidation state. Therefore, they are categorized as Redox 
(Reduction-oxidation) RS TMOs [5]. In this work, we focus on the filament type RS. High 
performance Ta2O5 based nonvolatile memory device [13] and TiO2 memristor based 
neuromorphic network [14] have recently been demonstrated. In situ characterization revealed that 
the conducting filaments in TiO2 and Ta2O5 are composed of Magneli phase Ti4O7 [15] and TaO1-x 
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[16], respectively. This hypo-stoichiometry can result from either oxygen vacancy or metal 
interstitial, as expressed in the Kroger–Vink notation by the following two Redox reactions, 
respectively. 
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Though the controversy in identifying the major defect type that leads to such non-stoichiometry 
exists, supporting evidence for oxygen vacancy as the major type of defect in the formation of 
conducting filaments has been reported [17]. Nevertheless, a comparative study of the behaviors 
of oxygen vacancies and metal interstitials in the formation of nanofilaments at an atomic level is 
useful. In this work, we aim to explain the reason for the dominant role of oxygen vacancies over 
metal interstitials in the formation of nanofilaments from a formation energy perspective. We find 
that a picture of correlated multiple defects, which is simply ignored in the previous studies, is 
needed to answer this question. By treating the defects as correlated, it is also possible to 
understand or even predict the morphology of the atomic structures of the nanofilaments. 
 
Computational methods 
This work is carried out by first principle calculation in the Cambridge Serial Total Energy 
Package (CASTEP) [18, 19]. The calculation of single defect is studied based on the supercell 
method, where the supercell size is large enough to mitigate spurious interaction with image 
defects and the defect can well be treated as isolated or single one. Given the large supercell size 
and only one defect, the lattices of the supercell can be fixed to those of the defect free one. The 
geometric structure is relaxed by GGA functional [20] with 380 eV cutoff energy of the plane 
wave basis set and ultrasoft pseudo-potentials. However, GGA is well known for underestimation 
of the band gap of semiconductors and insulators. Thus, we carry out screened exchange (sX-LDA) 
hybrid functional [21] to study the electronic structure of the GGA relaxed geometric structure. In 
sX-LDA calculation, 750 eV cutoff energy and norm conserving pseudopotentails are used. 
sX-LDA includes 100% exact exchange and takes the correlation effect into account by short 
ranged screening of the exchange potential. It accurately describes the electronic structures of 
various materials [22, 23] and has been widely used in the study of point defects [24-26]. In our 
study of uncorrelated multiple defects, multiple point defects are created in the pristine supercell 
without artificially rearranging the remaining atomic coordination. The lattice relaxation is 
allowed in this case. The correlation among multiple point defects, on the other hand, is treated by 
rearranging the defective system into certain morphology of the nanofilament. We use Magneli 
phase Ti4O7 and cubic TaO as the correlated atomic rearrangement of the filaments in TiO2 and 
Ta2O5, respectively.  
 
Results and discussion 
Bulk crystalline structures of main oxides 
The crystalline structures and sX-LDA band structures of λ-Ta2O5, rutile TaO2, rutile TiO2, 
Magneli phase Ti4O7 can be found in ref. [27] and those therein. Rutile phase TiO2 is structural 
compatible with Magneli phase Ti4O7 and its switchable resistance is found [28] to occur in the 
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absence of electro-forming process with high repeatability due to easy structure conversion to 
form the conducting filament, which is composed of Magneli phase Ti4O7 [15]. The morphology 
of nanofilaments in Ta2O5, on the other hand, is less well known. Recent in situ characterization 
showed the stoichiometry as TaO1-x and the evolution from short ranged order structure to long 
ranged ordering by the excess sweeping voltage and time [16]. Therefore, we model the structure 
of nanofilament in Ta2O5 by crystalline TaO. Reliable evidence for the existence of independent 
TaO is absent and it is observed in bulky sample only in the presence of higher oxide [29]. 
Micro-diffraction studies proposed various tentative TaO structures [31-34]. We adopt Harris et al 
[33] model, as shown in fig. 1(a). We find this model the only one immune to net atomic 
reconstruction due to single point defect, compared with the instability (not shown) of other model 
structures [30-32]. The sX-LDA band structure of TaO is shown in fig. 1(b) and the metallic 
property of TaO is seen.  
 
Single defect 
The formalism we have adopted for the calculation of point defect formation energy follows 
the method of Lany and Zunger [34]. The charge states from -2 to +2 are studied for different 
point defects. The charge transition level diagram of single point defect in tantalum oxide systems 
is shown in fig. 2(a). Forλ-Ta2O5, there are three different oxygen sites: interlayer 2-fold site, 
interlayer 3-fold site and intralayer 2-fold site. An oxygen vacancy at the intralayer 2-fold site has 
the lowest formation energy over all charge states. We can see from the diagram that a transition 
from +2 charged state to neutral state at a Fermi level just below the conduction band minimum 
(CBM), in agreement with Guo et al [35]. Ta2O5/TaO2 bilayer structure is useful for controllable 
programming current and device stability that TaO2 serves as metallic source of oxygen ions for 
the switching in the insulating Ta2O5 [36, 37]. Our calculation [27] has shown that the system 
Fermi energy of Ta2O5/TaO2 bilayer structure locates just above the CBM of Ta2O5, which leaves 
the -2 charged single oxygen vacancy more stable than the +2 charged one. A more detailed 
discussion on this issue and the proposed way to restore the stabilized +2 charged state can be 
found in ref. [27]. The single metal interstitial inλ-Ta2O5 stabilizes at the +2 charged state over 
the entire range of Fermi level across the band gap. For rutile TaO2, we align its bulk Fermi 
energy to the band edges of Ta2O5 based on the interfacial calculation [27]. TaO2 is hypo 
stoichiometric, we consider oxygen interstitial and metal vacancy here. This is relevant to the 
vanishing of nanofilaments and restoring the pristine Ta2O5. At the Fermi energy of TaO2, the 
single oxygen interstitial is in the +2 charged state and the single metal vacancy is in the -2 
charged state. For cubic TaO (not shown), the stable charge states of single oxygen vacancy and 
single metal defect are -1 and -2, respectively. The charge transition levels of the single oxygen 
vacancy from +2 charged to neutral, then to -1 charged cluster in a very narrow range of 0.02 eV, 
about 0.2 eV below its intrinsic Fermi energy, and no near lying charge transition level to the 
Fermi energy is found. 
The charge transition level diagram of single point defect in titanium oxide systems is shown 
in fig. 2(b). For rutile TiO2, the charge transition of oxygen vacancy from +2 charged state to 
neutral state, then to -2 charged states occurs in the close vicinity of the CBM of TiO2, in 
agreement with recent GW result [38]. The calculation of TiO2/Ti4O7 interface [27] also shows 
that the system Fermi energy is above the CBM of TiO2. Similar to the tantalum system, the single 
oxygen vacancy in TiO2 is stabilized at the -2 charged state according to the calculated system 
4 
 
Fermi energy of TiO2/Ti4O7 interface [27]. The single metal interstitial is stabilized at the neutral 
state. For Magneli phase Ti4O7, the single oxygen interstitial is stabilized at the -1 charged state 
and the single metal vacancy is at the -2 charged state.  
Although the charge transition levels of point defects do not vary under different oxygen 
chemical potentials (or the metal chemical potentials accordingly), the formation energies do. The 
chemical potentials are allowed to vary over a restricted range following the equilibrium 
thermodynamics. The boundary conditions of the chemical potentials are selected in the following 
way: in the study of bulky stoichiometric TiO2, the chemical potentials satisfy 2μO+ μTi=H(TiO2). 
As the reduction (filament formation) of TiO2 terminates at the Magneli phase Ti4O7 so that we 
take the chemical potential of TiO2 and Ti4O7 in thermal equilibrium as the O-poor condition. 
μO= μO2(g) is set as the O-rich condition, where μO2(g) is the chemical potential of single O2 
molecule. In the study of bulky hypo stoichiometric Ti4O7, the chemical potentials satisfy 
7μO+4μTi=H(Ti4O7). As the Ti4O7 is oxidized (filament rupture) from thermal equilibrium with 
TiO2 so that the O-rich condition is set to the chemical potential of TiO2 and Ti4O7 in thermal 
equilibrium. The O-poor condition is set to μTi=μTi(hex), whereμTi(hex) is the chemical potential of 
hexagonal crystalline Ti. For tantalum oxide systems (Ta2O5, TaO2 and TaO), analogous selection 
rule for the boundary of the chemical potential applies.  
Now, it is possible to study the formation energy of individual single point defect depending 
on the chemical potentials of the atomic constitutes as well as the electron chemical potential, 
namely the Fermi energy. Fig. 3(a) show the formation energies of single oxygen vacancy and 
single metal interstitial as functions of the oxygen chemical potential in TiO2 at the system Fermi 
energy of TiO2/Ti4O7. The charge states of the defects depend on the chosen Fermi energy and can 
be determined from fig. 2(b). The stable charge states of the defects may vary with the Fermi 
energy, the formation energies do not change significantly if we choose other characteristic values 
of Fermi energy in the vicinity of the tightly clustered charge transition levels. On the other hand, 
the formation energies do change significantly from the O-poor side to the O-rich side of the 
oxygen chemical potential. It is interesting to see that the single metal interstitial is energetically 
more favorable than the single oxygen vacancy on the O-poor side where the formation of 
Magneli phase Ti4O7 filament is most likely to occur. 
Fig. 3(b) shows the formation energies of single oxygen interstitial and single metal vacancy 
as functions of the oxygen chemical potential in Ti4O7 at its intrinsic Fermi energy. It is clear that 
the single metal vacancy is more stable than the single oxygen interstitial over the entire range of 
oxygen chemical potential. In particular, at the O-rich condition for Ti4O7 (equivalent to the 
O-poor condition for TiO2) where the filament starts to rupture the single metal vacancy is more 
stable by nearly 2.0 eV. 
For Ta2O5, the formation energies of single oxygen vacancy and single metal interstitial as 
functions of the oxygen chemical potential at three characteristic values of Fermi energy are 
shown in Fig. 4(a). It is found that the single metal interstitial is more stable than the single 
oxygen vacancy on the O-poor side. 
For TaO2, the formation energies of single oxygen interstitial and single metal vacancy as 
functions of the oxygen chemical potential at its intrinsic Fermi energy are shown in Fig. 4(b). It is 
clear that the single metal vacancy is more stable than the single oxygen interstitial over the entire 
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range of oxygen chemical potential. In particular, at the O-rich condition for TaO2 (equivalent to 
the O-poor condition for Ta2O5) the single metal vacancy is more stable by nearly 2.0 eV. 
Recent in situ study [16] observed that the filament stoichiometry in Ta2O5/TaO2 is TaO1-x, 
close to TaO. This is different than that in TiO2/Ti4O7, where the filament stoichiometry is the 
same as that of the metallic oxygen vacancy reservoir. The selection rule for the boundary of 
oxygen chemical potential needs slight modification for the tantalum oxide system (Ta2O5 and 
TaO), as the O-poor condition for Ta2O5 should be determined from the thermal equilibrium of 
Ta2O5 and TaO, instead of Ta2O5 and TaO2. This, however, only slightly changes the oxygen 
chemical potential at the O-poor condition and will not change the above statement regarding the 
relative stability of single oxygen vacancy and single metal interstitial in Ta2O5 at the O-poor side. 
The formation energies of single oxygen interstitial and single metal vacancy for TaO as functions 
of the oxygen chemical potential at the intrinsic Fermi energy are shown in Fig. 4(c). In contrast to 
other hypo stoichiometric oxides studied here, the single oxygen interstitial is more stable than the 
single metal vacancy. 
The results of the oxides, except for TaO, based on the single point defect calculation all 
indicate that metal induced point defects are dominant in the formation and rupture of the 
nanofilaments, which is against the experimental evidence [17]. This is very likely due to the 
simplified single point defect picture, ignoring the fact that the defects are multiple. 
 
Multiple defects 
Multiple point defects are created in the stoichiometric oxides by taking out several oxygen 
atoms or inserting several metal atoms so that the final stoichiometries are equal to those of the 
corresponding hypo stoichiometric oxides, modeling the formation of nanofilaments. Similarly for 
the hypo stoichiometric oxides, multiple point defects are created by inserting several oxygen 
atoms or taking out several metal atoms so that the final stoichiometries are equal to those of the 
corresponding stoichiometric oxides, modeling the rupture of nanofilaments. Due to much more 
number of point defects, both the internal atomic geometry and the supercell lattices are allowed 
to relax. It is worth pointing out that in building the model we only insert or take out atoms 
without additional rearrangement of other atoms in the host supercell. It is not easy to assign 
specific charge to such a number of individual point defects, we only consider all defects in the 
neutral state. The formation energies averaged to each point defect are shown in Fig. 5(a) for 
Ta2O5, where the O-poor condition is chosen at the thermal equilibrium between Ta2O5 and TaO2. 
It is found that the averaged formation energy per point defect is larger than that of the single 
point defect. The averaged formation energy per oxygen vacancy is now lower than that of per 
metal interstitial at the O-poor side. In this sense, multiple defects picture does include additional 
effects that have been left out in the single defect picture, such as the interaction among point 
defects. For TaO2, the formation energies averaged to each point defect are shown in Fig. 5(b). 
The averaged formation energy per point defect is larger than that of the single point defect and 
the metal vacancies are still more stable than the oxygen interstitials at the O-rich side. When the 
O-poor condition for Ta2O5 is chosen at the thermal equilibrium between Ta2O5 and TaO, the 
corresponding formation energy diagrams are shown in Fig. 5(c) and Fig. 5(d) for Ta2O5 and TaO, 
respectively. The averaged formation energy per oxygen vacancy is also found to be lower than 
that of per metal interstitial at the O-poor side for Ta2O5 in the multiple defects picture, in contrast 
to the single defect picture. For TaO, however, the averaged formation energy per oxygen 
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interstitial is lower that of per metal vacancy at the O-rich side for TaO in both pictures. It is 
noteworthy that the formation energy difference is larger in the single defect picture than that in 
the multiple defect picture. For TiO2, as shown in Fig. 5(e) the averaged formation energy per 
point defect is lower than that of the single point defect while the metal interstitials are still more 
stable than the oxygen vacancies at the O-poor side. For Ti4O7, as shown in Fig. 5(f) the averaged 
formation energy per point defect is larger than that of the single point defect and the metal 
vacancies are still more stable than the oxygen interstitials at the O-rich side.  
The above results based on the multiple point defects picture show absolute values of the 
formation energy averaged to each point defect different than those based on the single point 
defect picture, indicating new effects that can only be presented by multiple defects. However, 
except for Ta2O5 and TaO, multiple defects picture still favors the metal induced defects over the 
oxygen induced ones in the formation and rupture of nanofilaments, which indicates that the 
multiple defects picture is still not enough. Actually, we have ignored the fact that the filament has 
certain ordered atomic structure but is not simply defective parent oxides. In particular, Magneli 
phase Ti4O7 [15] and certain long range ordered TaO1-x [16] are observed for titanium and 
tantalum systems, respectively. Besides, the ruptured filament merges into the TiO2 or Ta2O5 
matrix which should also has certain structure and cannot simply takes over the morphology of the 
filament. Therefore, it is important to take not only the multiple number of defects but also the 
correlated atomic arrangement into account. We name the full picture as the correlated multiple 
defects picture. 
Recently, Xiao et al [39] varied the oxygen concentration in TaOx by randomly eliminating 
several oxygen atoms from amorphous Ta2O5 and found the tendency of forming Ta-Ta cluster. 
No correlated atomic arrangement was taken into account there. Park et al [38] modeled a chain of 
oxygen vacancies in TiO2 and found that Ti ions nearby contribute the delocalized orbitals for 
electron conducting path. Kamiya et al [40,41] studied the cohesion (isolation) of the oxygen 
vacancies in the chain by charge injection (removal). However, the correlated atomic arrangement 
was oversimplified by using the chain model rather than the real Magneli phase Ti4O7 structure.   
 
Correlated multiple defects 
The formation energy averaged to each correlated multiple defect can be calculated simply 
by taking the aforementioned crystalline lower oxide as the reduced final product for filament 
formation, and crystalline stoichiometric oxide as the oxidized final product for filament rupture. 
As in the multiple defect picture, only neutral point defects are studied. Fig. 5(a), where the 
O-poor condition is chosen at the thermal equilibrium between Ta2O5 and TaO2, compares the 
averaged formation energy per defect in multiple defect picture and correlated multiple defects 
picture. By taking the correlated atomic arrangement effect into consideration, the formation 
energies for both types of the defects are systematically lower than those calculated from the 
simple multiple defect picture. The oxygen vacancy is also found to be more stable at the O-poor 
side. For TaO2 as shown in Fig. 5(b), the formation energies are systematically lowered by the 
correlated atomic arrangement effect and now the oxygen interstitials becomes more stable than 
the metal vacancies at the O-rich side. In Fig. 5(c), where the O-poor condition for Ta2O5 is 
chosen at the thermal equilibrium between Ta2O5 and TaO, similar effects of the correlated atomic 
arrangement are found as in Fig. 5(a). For TaO, however, the formation energy per oxygen 
interstitial is almost identical to that of per metal vacancy in the multiple correlated defects picture. 
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For TiO2 as shown in Fig. 5(e), the formation energies are systematically lower by the correlated 
atomic arrangement effect than those calculated from the simple multiple defect picture. The 
oxygen vacancy is also found to be more stable at the O-poor side. For Ti4O7 as shown in Fig. 5(f), 
the formation energies are systematically lowered by the correlated atomic arrangement effect and 
now the oxygen interstitials becomes more stable than the metal vacancies at the O-rich side. 
Liborio et al [42] have found the importance of the correlated atomic arrangement in the 
formation of the crystallographic shear planes in rutile. The above comparative results for titanium 
oxide system also demonstrate the importance of correlated multiple defects picture in 
understanding some phenomena in RS where numerous point defects are involved and interact 
with each other in a correlated manner. Given the significance of correlated atomic arrangement, 
the decrease of the relative stability of the oxygen vacancy over the metal interstitial in the 
sequence of ‘single’>’multiple’>’correlated’ and particularly the identical stability in the 
correlated multiple defects picture (‘correlated’) may be due to the real filament stoichiometry 
different than TaO and (or) the atomic ordering of the real filament in a more energetically stable 
structure other than the Harris one [33]. These differences can be subtle but significant enough to 
change the role of oxygen and metal induced defects in the RS process. For Ta2O5, the formation 
energy per oxygen vacancy is already smaller than that of per metal interstitial in the single defect 
picture. This is because single oxygen vacancy is already able to introduce some long ranged 
atomic rearrangement (not shown) to further stabilize the single oxygen vacancy, which has also 
been reported by Guo et al [44]. Such adaptive structure of Ta2O5 is useful for oxygen vacancy 
migration in the RS process.              
 
Conclusion 
    We have studied the dependence of the formation energies of single point defect in Ta2O5, 
TaO2, TaO, TiO2 and Ti4O7 on both the chemical potential of the electron and the atomic 
constitutes. Oxygen vacancy and metal interstitial are considered in the stoichiometric oxides, and 
oxygen interstitials and metal vacancy in the hypo stoichiometric oxides, modelling the formation 
and rupture of the nanofilaments, respectively. According to this single defect picture, we find that 
the metal induced defects are more energetically preferable than the oxygen induced ones, which 
is against the experimental dominant role of the oxygen induced defects. By adopting a multiple 
defects picture, where the defective oxides with multiple defects but without obvious atomic 
rearrangement models the final products of the Redox process, no substantial improvement is 
found that the averaged formation energy per point defect still favors the metal induced defects. 
This controversy is resolved by taking the correlated atomic rearrangement into account. In this 
correlated multiple defects picture, the final products the Redox process are chosen to be oxides 
with certain atomic ordering according to the experiment, instead of being simple defective parent 
oxides. The oxygen induced defects are found to be dominant in this picture. The importance of 
taking the correlated atomic arrangement of multiple defects into account are demonstrated. It also 
provides a way to predict the morphology of nanofilaments under the restriction of 
thermodynamics. 
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Fig. 1 (a) Atomic structure of cubic TaO model and (b) its sX-LDA band structure. 
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Fig. 2 The charge transition diagram for single oxygen vacancy (interstitial) and single metal 
interstitial (vacancy) in (a) Ta2O5 (TaO2) and (b) TiO2 (Ti4O7). The blue dotted lines show the 
band edges of the corresponding stoichiometric oxides, the red dotted lines show the system Fermi 
energies of Ta2O5/TaO2 and TiO2/Ti4O7, respectively. 
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Fig. 3 (a) The formation energies of the single oxygen vacancy and single metal interstitial in TiO2 
as functions of the oxygen chemical potential; (b) The formation energies of the single oxygen 
interstitial and single metal vacancy in Ti4O7 as functions of the oxygen chemical potential. The 
electron chemical potentials are set to the system Fermi energy in both cases.  
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Fig. 4 (a) The formation energies of the single oxygen vacancy and single metal interstitial in 
Ta2O5 as functions of the oxygen chemical potential; (b) The formation energies of the single 
oxygen interstitial and single metal vacancy in TaO2 as functions of the oxygen chemical potential; 
(c) The formation energies of the single oxygen interstitial and single metal vacancy in TaO as 
functions of the oxygen chemical potential. The electron chemical potentials are set to the system 
Fermi energy in all cases. 
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Fig. 5 The formation energies of the single/multiple/correlated multiple oxygen vacancy and 
single/multiple/correlated multiple metal interstitial in (a) Ta2O5, where TaO2 is the result of the 
correlated atomic arrangement, (c) Ta2O5, where TaO is the result of the correlated atomic 
arrangement, and (e) TiO2 as functions of the oxygen chemical potential; the formation energies of 
the single/multiple/correlated multiple oxygen interstitial and single/multiple/correlated multiple 
metal vacancy in (b) TaO2, (d) TaO and (f) Ti4O7 as functions of the oxygen chemical potential. In 
all cases, only the neutral defect(s) is studied. 
